Dorsal visual cortical areas are thought to be dominated by input from the magnocellular (M) visual pathway, with little or no parvocellular (P) contribution. These relationships are supported by a close correlation between the functional properties of these areas and the M pathway and by a lack of anatomical evidence for P input. Here we use rabies virus as a retrograde transynaptic tracer to show that the dorsal area MT receives strong input, via a single relay, from both M and P cells of the lateral geniculate nucleus. This surprising P input, likely relayed via layer 6 Meynert cells in primary visual cortex, can provide MT with sensitivity to a more complete range of spatial, temporal, and chromatic cues than the M pathway alone. These observations provide definitive evidence for P pathway input to MT and show that convergence of parallel visual pathways occurs in the dorsal stream.
Introduction
Parallel processing is a common feature of sensory systems in the mammalian brain. A fundamental problem, therefore, is the integration of information across parallel systems to create a unified percept. Do subcortical pathways remain segregated as they contribute to activity in the cerebral cortex and ultimately to perception? The primate visual cortex is composed of multiple areas that can be divided into relatively independent dorsal and ventral streams (DeYoe and Van Essen, 1988; Zeki and Shipp, 1988; Merigan and Maunsell, 1993; Livingstone and Hubel, 1988) . The dorsal stream is specialized for analyses of motion and spatial relationships, whereas the ventral stream is specialized for analyses of object attributes like shape and color. Dorsal visual areas are thought to be dominated by input from the magnocellular (M) visual pathway, which is highly sensitive to low-contrast, quickly moving stimuli but is insensitive to high spatial frequencies and chromatic opponency, which are instead carried by the parvocellular (P) pathway. The dorsal stream cortical area MT is specialized for motion processing (Allman and Kaas, 1971; Zeki, 1974; Albright et al., 1984; Born and Bradley, 2005) and is traditionally viewed as having anatomical input and physiological properties dominated by the M visual pathway (Livingstone and Hubel, 1988; Merigan and Maunsell, 1993; Born and Bradley, 2005) . Additional contributions from the P pathway to MT could, in theory, extend the range of temporal, spatial, and chromatic cues that can be used to extract motion information. However, there is no definitive anatomical, physiological, or behavioral evidence that such a contribution exists (Merigan and Maunsell, 1993) .
Previous anatomical and physiological studies have provided important insight into the likely contributions of M and P pathways to MT. These pathways are segregated into layers in the lateral geniculate nucleus (LGN) and in their terminations within layer 4C of primary visual cortex (V1), allowing functional inferences to be made from anatomical investigation (Casagrande and Kaas, 1994; Callaway, 1998; Sincich and Horton, 2005) . MT receives its main ascending cortical input directly (Shipp and Zeki, 1989a; Sincich and Horton, 2003) and indirectly (Burkhalter et al., 1986; Shipp and Zeki, 1989b) from layer 4B of V1, a layer that has been shown to receive the bulk of its input from M layers of the LGN via layer 4Ca of V1 (Hendrickson et al., 1978; Fitzpatrick et al., 1985; Yabuta et al., 2001) . Response properties in MT are typically described as direction, speed, and disparity tuned with high-contrast sensitivity and lacking chromatic opponency (Livingstone and Hubel, 1988; Merigan and Maunsell, 1993; Born and Bradley, 2005) . These response properties share much in common with the response properties of cells in M layers of the LGN and layer 4B of V1. In addition, studies have shown that lesions of the M layers drastically reduce responses in MT (Maunsell et al., 1990) and negatively impact behavioral performance on motion-related tasks (Schiller et al., 1990) .
While MT receives its main ascending input from layer 4B of V1, there exists an even shorter and often overlooked MT-projecting pathway that arises from specialized Meynert cells in layer 6 of V1 (Fries et al., 1985; Shipp and Zeki, 1989a) . These neurons have a large soma size and wide dendritic spread in layer 6, a layer which receives direct input from the LGN (Hendrickson et al., 1978; Winfield et al., 1983) . These observations implicate Meynert cells in relaying a fast, motion-related signal to MT and have suggested a model for the formation of direction selectivity in V1 (Movshon and Newsome, 1996; Livingstone, 1998) . Traditionally, Meynert cells are characterized as carrying an M signal to MT, yet both M and P layers of the LGN send axon collaterals to layer 6 (Hendrickson et al., 1978) , making both streams of information potential sources of input to the Meynert cells.
We used rabies virus as a transynaptic retrograde tracer to study disynaptic connections to area MT of macaque monkey. Studies in both rodents and primates have shown that rabies virus spreads retrogradely across synapses in a time-dependent manner (Ugolini, 1995; Strick, 2000, 2003) . Rabies virus transport occurs only at synaptic connections and not along axons of passage. Leaving cells intact is a hallmark of the rabies virus, preventing unspecific spillage of the virus into the surrounding neuropil. Moreover, the timedependent transynaptic spread of rabies virus has been carefully worked out in well-defined systems. After 3 days postinjection, the particular strain and preparation of rabies virus that was used in our experiments (see Experimental Procedures; Kelly and Strick, 2003) has time to transport across one synapse and infect neurons disynaptic to the injection site. This was confirmed by our own control experiments replicating previous studies conducted in the primate motor system (see Experimental Procedures; Kelly and Strick, 2003) and using precisely the same batch of rabies virus used for the studies described here. We, therefore, chose a 3 day survival time for our studies in order to make it quite unlikely that virus would spread past neurons disynaptic to our injection site. Although we are confident that a 3 day survival time did not result in trisynaptic labeling, it does leave open the possibility that some weak disynaptic connections remained unlabeled.
We find that 3 days after injections of rabies virus into MT, there is extensive labeling in both the M and P layers of the LGN. The majority of these cells stain positive for the M and P marker parvalbumin and negative for the koniocellular (K) marker calbindin. The P pathway, therefore, provides a strong and surprisingly direct input to MT. These observations suggest that future studies should re-evaluate the functional contributions of the P pathway to visual responses in MT and to the perception of motion.
Results
Injections of the CVS-11 strain of rabies virus (see Experimental Procedures) were targeted to cortical area MT of two macaque monkeys using stereotaxic coordinates of the posterior bank of the superior temporal sulcus (STS) obtained through structural MRI images. Following a survival period of 3 days, animals were perfused and the brains were sectioned and stained with an antibody against the rabies nucleocapsid protein (see Experimental Procedures). The locations of the unilateral injections were confirmed histologically to be confined to MT ( Figure 1D ) (see Experimental Procedures). The syringe penetration can be seen within the densely myelinated region along the posterior bank of the STS, and in an adjacent rabies-stained section, the densest label is found in this same region ( Figure 1D ). On examination of the histological sections, we were surprised to find a large number of rabies-labeled cells in the LGN ( Figure 1A ). Most striking was the observation that labeled cells were present with high density in both M and P layers ( Figures 1A-1C ), in addition to the expected (Stepniewska et al., 1999; Sincich et al., 2004 ) scattered label in K layers ( Figures 2B and 2D) .
We counted the numbers of rabies-labeled neurons in sections through the LGN. For one case (JNM10; Figures  2A and 2B ), a systematic series of one out of every sixth section was stained for both rabies and cytochrome oxidase (CO), while in the other case (JNM1; Figures 2C  and 2D ), a smaller number of irregularly spaced sections was available. In the more systematically studied case, rabies was detected in the LGN across a series of more than 30 coronal sections, spanning more than 1.2 mm along the anterior-posterior axis. There were more than 700 rabies-labeled cells in six, 40 mm thick sections studied within this span. Interpolating, the total number of neurons would have been more than 4000 if all sections were counted. The great majority of the rabies-labeled neurons was found in the P layers of the LGN (74%), with a substantial proportion in the M layers (21%) and a small minority in the intercalated zones, or K layers (5%). In the second case, in which fewer sections were available for staining with the rabies antibody, the overall numbers of labeled cells were comparable, with nearly 100 cells in each section. The labeled neurons in this case were more evenly distributed between M and P layers, with 53% in M layers, 44% in P layers, and only 3% in K layers. The large numbers of cells in M and P layers in these cases ( Figure 2 ) were more than ten times that of the sparse pattern described in previous studies of LGN cells monosynaptic to MT (Stepniewska et al., 1999; Sincich et al., 2004) .
While substantial label was unexpectedly found in both M and P layers of the LGN, it remained feasible that the majority of these cells might be displaced K cells and simply monosynaptic to MT. Sincich et al. (2004) reported that LGN cells monosynaptic to MT were present in all layers of the LGN and that the majority were positive for the a subunit of type II Ca 2+ /calmodulin-dependent protein kinase, a marker for K cells. In order to confirm that our results consisted primarily of M and P cells disynaptic to MT, we analyzed the proportion of rabieslabeled LGN cells that expressed parvalbumin, a marker for M and P cells (Jones and Hendry, 1989) . In contrast, to determine the proportion of K cells mono-and disynaptically labeled with rabies, we tested for double labeling with the K cell marker calbindin (Jones and Hendry, 1989) .
Every sixth LGN section from one of our cases (JNM10) was stained for both rabies virus and parvalbumin in order to asses the proportion of double-labeled neurons in M and P layers of the LGN ( Figure 3A ) (see Experimental Procedures). We found many double-labeled cells in M and P layers, with far fewer cells labeled only for rabies ( Figure 3B ). In all, 69% of the cells were positive for parvalbumin, with 74% and 69% in M and P layers, respectively ( Figure 3D ). We also stained another series of LGN sections for both rabies virus and the K cell marker calbindin (Jones and Hendry, 1989) . We found few double-labeled cells in M and P layers; most cells were labeled only for rabies (85%) ( Figure 3C ). Only 15% of rabies-labeled cells were positive for calbindin and could be considered K cells, with 13% and 10% in M and P layers, respectively ( Figure 3D) .
The results presented thus far provide strong evidence for a robust disynaptic connection from both M and P layers of LGN to MT. This interpretation is further strengthened by observations of rabies labeling in layers 4B and 6 of V1 (Figure 4 ), layers that provide monosynaptic projections to MT (Shipp and Zeki, 1989a; Sincich and Horton, 2003) and could, thus, serve as a relay for disynaptic label in the LGN. As expected from the transport of rabies virus from MT to LGN via these intermediate relays in V1, the distribution of rabies-labeled cells in the LGN and V1 was in close retinotopic correspondence in both monkeys ( Figure 5 ) (see Experimental Procedures). The laminar distribution of rabies-labeled cells in V1 was determined for both cases. Of the nearly 7100 rabies-labeled cells identified in V1, large numbers were found in layers 4B (23%), 4Ca (44%), and 6 (17%), with fewer found in layers 2/3 (11%) and 5 (2.6%). Negligible numbers were found in layers 4A (1.5%) and 4Cb (1.4%) ( Figure 4C ). The relative absence of rabies-labeled cells in layers 4A and 4Cb provided strong evidence against trisynaptic labeling of P geniculate cells through these divisions of layer 4.
Discussion
Our observations demonstrate a surprisingly robust disynaptic connection from the LGN to MT. This projection arises predominantly from parvalbumin-positive, calbindin-negative neurons in the M and P layers. Interestingly, the numbers of neurons in the P layers are nearly equal to or greater than those in the M layers. These M and P neurons are far more numerous than expected from monosynaptic projections to MT (Stepniewska et al., 1999; Sincich et al., 2004) , which are sparse and dominated by K cells. Our experimental procedures ensured that LGN cells were not labeled trisynaptically. Furthermore, the large numbers of rabies labeled cells in layers 4B and 6 of V1, but not layer 4Cb, provide additional evidence that M and P neurons in the LGN were labeled disynaptically via layers 4B and/or 6 of V1 and not trisynaptically through layer 4C.
Although previous anatomical studies suggest at least two possible neural substrates for this disynaptic pathway, the most likely is a connection via the layer 6 Meynert cells in V1. The nature of our experimental results indicates that neurons mediating this disynaptic pathway must receive a direct connection from both M and P LGN cells and also project directly to MT. Only neurons in V1 meet these criteria, because input from LGN to other cortical areas appears to arise predominantly from K cells rather than M or P cells (Bullier and Kennedy, 1983; Lysakowski et al., 1988; Stepniewska et al., 1999; Sincich et al., 2004) . Within V1, MT-projecting cells are found only in layers 4B and 6 (Shipp and Zeki, 1989a; Sincich and Horton, 2003) , leaving two potential routes by which cells in the LGN might connect disynaptically with MT ( Figure 6 ). Neurons in both of these V1 layers were labeled in our study, as required for M and P neurons of the LGN to be labeled via this pathway (Figure 4) . It is possible that LGN axons could form synapses onto the dendrites of layer 4B cells that extend into layers 4Ca and 4A, which are V1 layers that receive input from M and P layers of the LGN, respectively (Hendrickson et al., 1978) . However, the majority of the dendrites from layer 4B neurons are not found in these LGN recipient zones, making them poor candidates. Layer 6 Meynert cells, in contrast, are ideally situated. Both M and P layers of the LGN are known to project to layer 6 of V1 (Hendrickson et al., 1978) , and the expansive, laterally extending dendritic fields of Meynert cells (Winfield et al., 1983 ) make them a prime candidate for receiving convergent input from the M and P pathways. In addition, Meynert cells could receive direct thalamic input onto apical dendrites in M recipient layer 4Ca and P recipient layers 4Cb and 4A. As expected, we found numerous large layer 6 cells in V1 with characteristic Meynert cell morphology ( Figures 4A and 4B ). Large numbers of layer 6 non-Meynert cells were also found in V1 of both cases, as expected from disynaptic transfer to other neurons that provide input to Meynert cells. Our observations, therefore, suggest that layer 6 neurons, which are known to be direction selective and project to MT (Movshon and Newsome, 1996) , receive both M and P input from the LGN.
A disynaptic P input to MT is an unexpected result. To date, the strongest functional evidence for P input to MT comes from lesions of the LGN P layers, which produced only small, but significant response reductions in MT (Maunsell et al., 1990) ; in contrast, lesions of the M layers of the LGN drastically reduced visual responses in MT (Maunsell et al., 1990) . Direction selectivity in V1 cells is resilient to lesions of either M or P layers alone (Malpeli et al., 1981) ; only lesions of both M and P layers could eliminate direction selectivity in V1, a condition that also eliminates responses in MT (Malpeli et al., 1981; Maunsell et al., 1990) . A P pathway contribution to MT is also suggested by studies showing that MT neurons have direction-selective responses to chromatically defined isoluminant gratings (Dobkins and Albright, 1994; Gegenfurtner et al., 1994) . These responses, however, have been explained by weak activation of M cells (Dobkins and Albright, 1994; Gegenfurtner et al., 1994) , leaving it unclear whether they are mediated by the M or P pathway, or both.
Other evidence for P input to MT is based on behavioral observations that implicate the P pathway in motion perception, but that may not depend on MT per se. In particular, Merigan et al. (1991) showed that lesions of the M layers of the LGN reduced the visibility of low spatial and high temporal frequencies, but had little direct effect on discrimination of direction and speed. Thus, motion perception does not require the M pathway. It is not clear, however, whether MT was involved in the residual motion discrimination that was presumably mediated by the P pathway.
Various models have assigned an integral role to the P visual pathway in motion processing in both monkeys and humans. De Valois et al. (2000) proposed that M and P pathways may need to be combined to create direction selectivity in V1 neurons. Differences in the temporal and spatial phase of M and P cells, when combined, accounted for the direction-selective receptive field properties of V1 neurons, a finding confirmed more recently (Saul et al., 2005) . The P pathway has also been implicated in human motion processing because the sampling density of P ganglion cells limits veridical motion acuity in peripheral vision, even for high velocities (Anderson et al., 1995) .
Previous studies have suggested less direct anatomical substrates by which the P pathway could potentially reach MT (Merigan and Maunsell, 1993; Yabuta et al., 2001; Born and Bradley, 2005) . A recent study revealed that in V1, layer 4B pyramidal neurons, but not spiny The images, from a representative brain, show a medial view of the calcarine sulcus that is partially unfolded (left) and a dorsal view of the posterior end of the cortex (right). The vertical (squares) and horizontal (circles) meridians are marked. Azimuths 1º, 5º, 10º, 20º, and 40º are shown, along with iso-azimuth contours (black lines). Lower (2) and upper (+) visual fields are noted. The retinotopic summary has been adapted from Lyon and Kaas (2002) and is based on retinotopic maps from Weller and Kaas (1983) and Van Essen et al. (1984) . V1 (primary visual cortex), IPS (intraparietal sulcus), STS (superior temporal sulcus), LuS (lunate sulcus), CalS (calcarine sulcus), POS (parietal occipital sulcus), OTS (occipital temporal sulcus). Scale bar, 5 mm. (B) Retinotopic locations of rabies-labeled cells in the LGN from cases JNM1 (orange) and JNM10 (green) are shown in representative parasagittal (top) and coronal (bottom) sections. The LGN retinotopy is based on Malpeli and Baker (1975) , Kaas and Huerta (1988) , and Erwin et al. (1999) . M layers (red) and P layers (blue). Scale bar, 500 mm. stellates, receive convergent M and P input via layer 4C (Yabuta et al., 2001) . Since layer 4B neurons contribute to the dorsal stream, this suggested a possible source of P input to MT. However, the direct projection from layer 4B to MT arises predominantly from spiny stellates (Shipp and Zeki, 1989a) . Thus, neurons projecting directly from layer 4B to MT likely do not receive P input via layer 4Cb of V1. If there is a P input to MT relayed by layer 4B pyramids, it likely connects indirectly through V2 or V3 (Born and Bradley, 2005) . Any indirect P input relayed by this pathway would involve at least four synapses from LGN to MT, and the continuity of this potential pathway has not been demonstrated.
While the disynaptic pathway from LGN to MT via layer 6 Meynert cells in V1 is likely less prominent than the trisynaptic pathway from LGN to MT through layers 4C and 4B of V1, it is nevertheless a robust connection. Notably, it is unique in that it provides MT with convergent input from both M and P visual pathways. The early mixing of M and P inputs along this route may be particularly useful in providing MT with a quick signal that covers a more complete range of spatial, temporal, luminance, and chromatic contrasts. Although some of the physiological properties of MT-projecting layer 6 cells have been described (Movshon and Newsome, 1996) , more studies will be necessary to elucidate the details of this unique input to MT and to fully reveal the functional relevance of the contributions from the P pathway to visual motion processing.
Experimental Procedures

Surgical Procedures
Two adult male macaque monkeys (JNM1 and JNM10) were used, following procedures approved by the Salk Institute Animal Care and Use Committee. In addition, all procedures using rabies virus were conducted using biosafety level 2 precautions as described elsewhere (Kelly and Strick, 2000) . A 1.5 Tesla Siemens Symphony MR scanner (UCSD Hillcrest Medical Center/Tenet Magnetic Resonance Institute) was used to obtain a full coronal series of 1 mm thick images for each monkey. Resulting structural images were used to calculate stereotaxic coordinates for our injections along the posterior bank of the superior temporal sulcus (STS).
In monkey JNM1, MT was targeted with three Hamilton syringe penetrations aimed at the posterior bank of the STS. Approximately 0.4 ml of the CVS-11 strain of rabies virus (see ''Rabies Virus Strain and Speed of Transport'' below) was injected at each of four depths spaced 0.5 mm apart. In addition, one of the injection sites included 10% rhodamine dextran (10,000 MW; Molecular Probes, Carlsbad, CA) in the solution of rabies virus. In monkey JNM10, two penetrations were made into the posterior STS, and 0.4 ml of virus was injected at five different depths.
Rabies Virus Strain and Speed of Transport
To trace disynaptic connections to area MT, we injected the CVS-11 strain of rabies virus and allowed a survival time of 3 days. It is important to note that different preparations of rabies virus, including those of the same strain, can spread through the nervous system at different rates, largely dependent on the passage history of the virus (Morimoto et al., 1998; Kelly and Strick, 2000) . The particular preparation of the CVS-11 rabies virus that we used was obtained from Dr. Donald Lodmell, Rocky Mountain Laboratory, and was passaged four times in mouse brain followed by five times in cultured chicken embryo-related cells.
Based on the similarity in strain and passage history between the virus we used and the CVS-11 rabies virus used by Kelly and Strick (2003) , we expected our virus to spread only disynaptically in 3 days. To explicitly test the rate of spread of our virus, we repeated the experiments of Kelly and Strick (2003) , injecting virus into motor cortex (M1) of the macaque monkey. Following a survival period of 3 days (three animals tested), rabies was detected only in neurons that project directly to M1 (VL of thalamus) or disynaptically to M1 (thalamic reticular nucleus, deep cerebellar nuclei and internal segment of the globus pallidus). Importantly, in none of the three animals tested was there any label detected in trisynaptically connected cerebellar Purkinje cells. Only following a 4 day survival period (one animal) was any label detected in cerebellar Purkinje cells. These results are indistinguishable from those reported previously by Kelly and Strick (2003) and confirmed that the virus we injected into MT would only travel disynaptically within the 3 day survival time.
Histology
After 3 days survival time, the animals were sacrificed, perfused with fixative, and their brains removed. Sections including the STS and LGN were cut at 40 mm on a freezing microtome parasagittally (JNM1) or coronally (JNM10). Sections of V1 were cut parasagittally for both cases. Separate series of every 12th section were processed for Nissl substance for both cases. Series of cortical sections that included the STS were processed for either rabies nucleocapsid protein, myelin, cytochrome oxidase (CO), or Nissl substance. Anatomical features of MT (Van Essen et al., 1981; Tootell et al., 1985) , such as heavy myelination, dark and patchy CO staining, greater cortical thickness, and relative position on the posterior bank of the STS, were used to verify that injections were confined to MT (see Figure 1D) .
In both monkeys, our syringe penetrations entered the white matter directly underneath MT. We are confident, however, that label in the LGN did not result from our injections involving the white matter or optic radiations directly beneath MT. Previous studies have shown that rabies virus uptake along cut peripheral axons is inefficient compared to uptake at axon terminals (Ugolini, 1995; Kelly and Strick, 2000) and rabies uptake along cut central axons has not been demonstrated. In addition, we have made multiple MT injections of a glycoprotein-deleted rabies virus, which does not transport transynaptically, that have involved white matter in a similar way to the injections in this study. We found no evidence of white matter uptake in these cases, with very few, sparsely distributed cells found in the LGN. Retrograde label in the LGN looked nothing like the disynaptic results we report in the present study and were more characteristic of monosynaptic connections to MT reported in previous studies (Stepniewska et al., 1999; Sincich et al., 2004) . Most convincingly, rabies-labeled cells in the LGN were in retinotopically confined locations that matched closely with the retinotopic locations of rabies-labeled cells in V1 (see Figure 5 ) (see ''Retinotopic Correspondence'' below). This provided strong evidence that our injections were confined to MT and did not significantly involve the underlying white matter or optic radiations. In a separate experiment we made similar injections of the same CVS-11 strain of rabies virus used in the present study directly into cortical area V4 and found no retrograde label in the LGN. This argues against the possibility that our LGN label in the present study could have come from spread of our virus into adjacent cortical areas on or near the STS.
Immunohistochemistry for the rabies nucleocapsid protein was carried out using the anti-nucleocapsid mouse monoclonal antibody (gift from Dr. Lodmell), the biotinylated horse anti-mouse secondary antibody (Vector Labs, Burlingame, CA) and revealed through a Diaminobenzidine (DAB) reaction. Immunofluorescent double labeling of sections (see Figure 3) utilized the anti-nucleocapsid mouse monoclonal antibody and either anti-parvalbumin or anti-calbindin rabbit polyclonal antibody (Swant, San Diego, CA). Labeled cells were revealed using the fluorescent secondary Cy3 anti-mouse and Cy2 anti-rabbit antibodies (Swant, San Diego, CA). For case JNM10, nonfluorescent sections were also stained for CO prior to rabies immunohistochemistry. For case JNM1, sections 411 and 417 were processed for Nissl substance following rabies immunohistochemistry. Three sections from JNM1 and three sections from JNM10, used to determine the laminar distribution of label in V1 (see Figure 4) , were stained for CO prior to rabies immunohistochemistry. These same sections were later processed for Nissl substance once cell plot reconstructions were completed.
Retinotopic Correspondence
The retrograde label in the present study was found in confined retinotopic locations in the LGN that closely matched the retinotopic locations of mono-and disynaptic label in V1 (see Figure 5) . If the label in the LGN was the result of uptake by optic radiations, we would not expect to find a match in retinotopy between label in the LGN and V1. In case JNM1, label in V1 was confined to locations in the calcarine sulcus, which represent visual fields along the horizontal meridian (near zero elevation, but biased toward lower visual fields), and at azimuths of approximately 10-40 degrees into the periphery ( Figure 5A, orange shading) . Label in the LGN from this same case was found at the corresponding retinotopic representations (Figure 5B, orange shading) . In case JNM10, label in V1 was found primarily on the opercular surface approximately 1-2 mm posterior to the V1/V2 border and approximately 15 mm lateral from the midline. These locations correspond to lower visual field representations at less than 5 degrees elevation and near the vertical meridian ( Figure 5A, green shading) . Label in the LGN from this same case was again found at the corresponding retinotopic representations ( Figure 5B, green shading) . The close match in retinotopy between rabies-labeled cells in V1 and LGN provides strong evidence that our injections were confined to MT and did not significantly involve the underlying white matter, or, in particular, the underlying optic radiations. The retinotopic maps of V1 are adapted from Lyon and Kaas (2002) and are based on summaries from Weller and Kaas (1983) and Van Essen et al. (1984) . The LGN retinotopy is based on summaries from Malpeli and Baker (1975) , Kaas and Huerta (1988) , and Erwin et al. (1999) .
Laminar Distribution of Rabies Label in V1
The locations of rabies-labeled cells were plotted in relation to the laminar boundaries within V1. For each case, a single region within V1 was reconstructed at 403 magnification where disynaptic label was at its densest. Three sections were reconstructed for each region and a total of 7076 rabies-labeled cells were plotted. Percentages of rabies-labeled cells were calculated separately for JNM1 ( Figure 4C , orange dots) and JNM10 ( Figure 4C , green dots) and averaged across both cases ( Figure 4C , gray bars).
Data Analysis
Positions of LGN and V1 neuronal cell bodies labeled with rabies virus were plotted using Neurolucida software (MicroBrightField, Williston, VT). For the fluorescent sections of case JNM10 (see Figure 3) , green (rabies) and red (parvalbumin or calbindin) fluorescent images of LGN sections were overlaid and viewed within Canvas X software (ACD Systems, Victoria, British Columbia, Canada). Reconstructions of the laminar boundaries of the LGN from JNM10 were aided by CO staining of the same sections that were stained for rabies virus with DAB (see Figure 1A for an example of a section processed for rabies and CO). Reconstructions of the laminar boundaries of the LGN from JNM1 (see Figure 2C ) were aided by counterstaining for Nissl in sections 411 and 417; the light background staining from DAB and Nissl staining of adjacent sections was used for sections 394, 406, and 418. For the sections of V1, the distribution of rabies-labeled cells was assigned to the correct laminar locations based on boundaries determined through CO staining and subsequent Nissl staining in the same sections. A Matlab (The Math Works, Inc., Natick, MA) algorithm was used to calculate the numbers and percentages of cells in each layer.
